Dysconnectivity of Large-Scale Functional Networks in Early Psychosis: A Meta-analysis by O'Neill, Aisling et al.
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
King’s Research Portal 
 
DOI:
10.1093/schbul/sby094
Document Version
Peer reviewed version
Link to publication record in King's Research Portal
Citation for published version (APA):
O'Neill, A., Mechelli, A., & Bhattacharyya, S. (2018). Dysconnectivity of Large-Scale Functional Networks in
Early Psychosis: A Meta-analysis. Schizophrenia Bulletin. https://doi.org/10.1093/schbul/sby094
Citing this paper
Please note that where the full-text provided on King's Research Portal is the Author Accepted Manuscript or Post-Print version this may
differ from the final Published version. If citing, it is advised that you check and use the publisher's definitive version for pagination,
volume/issue, and date of publication details. And where the final published version is provided on the Research Portal, if citing you are
again advised to check the publisher's website for any subsequent corrections.
General rights
Copyright and moral rights for the publications made accessible in the Research Portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognize and abide by the legal requirements associated with these rights.
•Users may download and print one copy of any publication from the Research Portal for the purpose of private study or research.
•You may not further distribute the material or use it for any profit-making activity or commercial gain
•You may freely distribute the URL identifying the publication in the Research Portal
Take down policy
If you believe that this document breaches copyright please contact librarypure@kcl.ac.uk providing details, and we will remove access to
the work immediately and investigate your claim.
Download date: 10. Jul. 2020
1      A. O'Neill 
 
Abstract word count: 249 
Word count: 4336 
No. of tables: 3 
No. of figures: 2 
 
Dysconnectivity of large-scale functional networks in early psychosis: a meta-
analysis 
Running title: Network dysconnectivity in early psychosis 
 
Aisling O'Neill1, Andrea Mechelli1, Sagnik Bhattacharyya1* 
 
1Department of Psychosis Studies, Institute of Psychiatry, Psychology & Neuroscience, King’s 
College London, London, UK 
*Corresponding author: Dr Sagnik Bhattacharyya, M6.01.04, 
Institute of Psychiatry, Psychology & Neuroscience, 
King’s College London, 
16 De Crespigny Park, SE5 8AF, UK. 
Tel: +44 20 7848 0955 
Fax: +44 20 7848 0976 
Email: sagnik.2.bhattacharyya@kcl.ac.uk 
2      A. O'Neill 
 
 
ABSTRACT 
Objective: Increasingly, studies have identified abnormalities in the functional connectivity (FC) of 
large-scale neural networks in early psychosis, but the findings thus far have been inconclusive. 
Therefore, the aim of this study was to identify robust alterations in FC of the default mode (DMN), 
salience (SN), and central executive networks (CEN), in patients with first episode psychosis (FEP) 
using a meta-analytic approach. 
Methods: Included studies were required to be resting-state, seed-to-whole brain, FC neuroimaging 
studies, comparing FEP patients to healthy controls (HC), with seeds within the boundaries of the 
region-of-interest networks. Peak effect coordinates and peak t, z, or p values were meta-analyzed 
using seed based d mapping (SDM) software. 
Results:  The DMN seeds primarily displayed within-network hypoconnectivity (largest clusters 
including the middle orbital gyrus; and ventral anterior cingulate gyrus). The SN seeds displayed 
hypoconnectivity with regions in the DMN and CEN (largest clusters located in the bilateral middle 
temporal gyri). Review of the limited CEN data revealed hypo- and hyperconnectivity across the 
networks. Negative symptoms were positively correlated with all DMN FC abnormalities in the FEP 
group. Antipsychotic-treated patients displayed greater hypoconnectivity than antipsychotic-naïve 
patients between both the DMN/SN seeds and prefrontal regions. 
Conclusions These findings provide substantial evidence of widespread resting-state FC 
abnormalities of the DMN, SN, and CEN in early psychosis; particularly implicating DMN and SN 
dysconnectivity as a core deficit underlying the psychopathology of psychosis. Additionally, we 
highlight the importance of disentangling connectivity abnormalities resulting from disease processes, 
from those that result from antipsychotic treatment. 
 
Key words: Psychosis; first-episode; dysconnectivity; connectivity; functional connectivity; networks 
3      A. O'Neill 
 
 
INTRODUCTION  
Thus far, localized neurofunctional abnormalities have failed to fully account for the complex clinical 
presentation of psychosis1. This has stimulated research into the integration of brain regions that have 
traditionally been considered functionally segregated2-4. One approach to describing the extent of this 
integration is functional connectivity (FC). The focal outcome measure in the current meta-analysis, 
FC refers to the temporal relationship between functional activity in distinct brain regions or 
networks, either at rest or during a task5.  
Neural networks of interest in psychosis include the default mode network (DMN), involved in 
internally directed thought processes, autobiographical memory, and conceiving others' perspectives6; 
the central executive network (CEN), involved in higher level cognitive functions, attention, and 
external task performance7; and the salience network (SN), involved in the integration of sensory, 
emotional, and cognitive information, and the appropriate assignment of salience to these external and 
internal stimuli8. The normal functioning of these networks is understood to depend on the appropriate 
"switching" between the anti-correlated CEN and DMN processes9,10. In turn, this switching of 
engagement between the task positive (CEN) and task negative (DMN) states is thought to be 
mediated by the anterior insula (AI), a core node of the SN, when a salient internal or external event is 
detected9,10. 
Abnormalities in the dynamic balance between these three networks have been proposed as a potential 
explanation for much of the core psychopathology of psychosis11,12. All three networks have been 
found to display aberrant FC with the rest of the brain at different stages of psychotic illness, with 
varying consistency1,3,13,14. One of the key findings is that such abnormalities differ over the course of 
the illness15, and as a result of treatment 16. It follows that investigations in the early stages of 
psychosis are required in order to elucidate the abnormalities that underlie psychosis at onset, whilst 
limiting the confounding effects of disease progression and prolonged exposure to treatment. 
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Only one review thus far has explored FC abnormalities in first episode psychosis (FEP), identifying a 
decrease in connectivity overall in FEP patients compared to healthy controls3. However, as it was a 
systematic review, it did not formally assess the strength of the findings. Additionally, the inclusion of 
only a modest number (N=7) of relevant studies, and methodological heterogeneity between the 
studies, limits confidence in their findings. Therefore, we aimed to conduct a meta-analysis of seed-
based resting-state FC studies, to quantitatively summarize abnormalities in resting-state connectivity 
in FEP patients, and delineate the role of large scale brain networks in early psychosis. An additional 
aim was to explore the effects of antipsychotic treatment on FC abnormalities in FEP, by comparing 
groups of antipsychotic-treated and antipsychotic-naïve FEP patients, an objective that is challenging 
within the context of an individual study. Furthermore, we also aimed to investigate any associations 
between network FC abnormalities and symptomology in the FEP groups. 
Given the challenges in reconciling the results of the included studies into a rational paradigm for 
network FC, we decided to initially organize seed regions into groups of functional networks, using a 
previously described theoretically-informed strategy for categorization based on coordinate 
locations17. We then performed statistical analyses of the FC outcomes for each network and the rest 
of the whole brain based on this categorization. We hypothesized that for each network of interest, 
FEP patients would display distinct patterns of both hypo- and hyperconnectivity within- and 
between-networks, with an overall trend towards hypo-rather than hyperconnectivity3,18. Additionally, 
we hypothesized that these patterns would differ between antipsychotic-treated and antipsychotic-
naïve patients, and that there would be a positive correlation between the severity of symptoms and 
FC abnormalities. 
 METHODS AND MATERIALS 
1. SEARCH STRATEGY 
Following PRISMA19 and MOOSE20 guidelines, two investigators (A.O'N., and S.B.) searched the 
online database PubMed® on the 6th of June 2017, with no restrictions on time of publication previous 
to that date. The search terms used were: (“early” OR “first episode”) AND (“schizophrenia” OR 
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“psychosis”) AND (“connectivity” OR “dynamic causal modelling”) AND (“fMRI” OR “functional 
magnetic resonance imaging” OR "functional neuroimaging"). We then manually searched the 
bibliographies of the included papers, and contacted the corresponding authors of the studies already 
identified, to identify any additional studies. 
2. SELECTION CRITERIA 
Papers were included if they met the following criteria: 
- Original peer-reviewed data-based manuscript. 
- Patients met standardized diagnostic criteria (e.g. DSM21 , ICD22, OPCRIT23) for FEP 
[schizophrenia spectrum psychoses (schizophrenia, schizoaffective, and schizophreniform) 
and affective psychoses (bipolar psychosis and psychotic depression)].  
- Included a healthy control group. 
- Employed seed-to-whole brain, resting-state, FC MRI methods. 
- Seeds were within DMN, SN, or CEN boundaries. 
- Either reported any Talairach (TAL) or Montreal Neurological Institute (MNI) peak effect 
coordinates and corresponding t, z, or p values that were significant at the whole brain level, 
or reported no significant findings. 
Papers were excluded if they did not meet the above criteria; peak coordinates and/or t, z, or p values 
were not available even after contacting the authors; or if they primarily investigated the effects of 
medication/drug use/therapeutic intervention on FC. Where multiple publications used the same 
dataset and identical seed ROIs, only the original study was included. 
3. DATA EXTRACTION AND CODING 
Information including the seed ROIs, peak coordinates of each significant between-group effect for 
each seed ROI, as well as additional study specific information were extracted from each study 
(eMethods in Supplement). Where only z or p values for the effect peaks were available, these were 
converted into t values. 
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4. SEED NETWORK PARCELLATION 
Based on the location of the seed coordinates, each seed ROI from each study was organized into one 
of three seed networks (DMN, CEN, or SN). Seed network definition described in the Supplementary 
eMethods. 
5.  SDM 
Meta-analysis was performed using Seed-Based d Mapping (SDM) software v5.14 
(http://www.sdmproject.com/)24, a well-validated method for meta-analyses25-27. As the general SDM 
methods have been described in detail elsewhere24, they are only briefly summarized here, along with 
the specific adaptations made here for meta-analysis of network FC  (eMethods in Supplement). 
Once assigned to a seed network, each individual seed ROI was treated as a separate study, with its 
own corresponding sample, and reported peak effects/no reported peak effects (identified in the 
original studies). As SDM allows both positive and negative values in the same map, seeds for which 
there were no significant peak effects were also included. A separate SDM meta-analysis was then 
performed for each seed network, and Monte Carlo randomizations were used to create a null 
distribution of SDM-Z values at the whole-brain level. 
Results were thresholded at a voxel-wise uncorrected value of P < 0.005. Previous studies have shown 
that such a threshold, given the context of the current method involving multiple randomizations, is 
equivalent to a corrected P value of 0.0527. 
The resultant peak effects were identified and labelled using their MNI coordinates and the Atlas of 
the Human Brain28. 
6.  SENSITIVITY ANALYSIS, HETEROGENEITY, AND PUBLICATION BIAS 
Robustness of results was tested using jack-knife sensitivity analysis; between study heterogeneity 
and publication bias were tested using visual inspection of the maps of between-study heterogeneity, 
and Egger tests (eMethods in Supplement). 
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7. META-REGRESSIONS AND SUBGROUP ANALYSES 
Relationships between positive, negative, and general symptomology (indexed using the PANSS 
rating scale), and the peak effects identified in the DMN analysis were examined using meta-
regressions. Effect of antipsychotic treatment was investigated using subgroup analyses and direct 
comparisons between antipsychotic-treated, and antipsychotic-naïve FEP groups.  All results were 
thresholded at a voxel-wise uncorrected value of P < 0.005, as per the main analyses27. 
RESULTS 
1. RESULTS OF SEARCH AND NETWORK PARCELLATION 
Although not screened on the basis of language, all studies included were in English. 
Of 124 papers initially identified, 11 were included in the final analyses (Figure 1). 
Overall, there were 526 participants in the combined HC groups, and 420 participants in the combined 
patient groups. There were 406 FEP participants, and 383 HC in the DMN; 340 FEP participants, and 
416 HC in the SN; and 34 FEP participants, and 34 healthy controls in the CEN analyses. Participant 
demographics and clinical characteristics are described in Table 1. 
The network parcellation approach grouped the seed coordinates from each study into separate 
functional networks, resulting in 11 SN seed ROIs, 10 DMN seed ROIs, and 2 CEN seed ROIs (Table 
2). Only one study reported no significant connectivity differences between FEP and healthy control 
(HC) groups29. 
 
2. MAIN RESULTS 
For the DMN meta-analysis, clusters displaying hypoconnectivity with DMN seeds in FEP relative to 
HC, surviving jack-knife sensitivity analyses, were identified in the medial orbital, inferior frontal and 
superior temporal gyri, and cerebellum on the left side, and right ventral and dorsal anterior cingulate 
gyri. One cluster, located in the right inferior semi-lunar cerebellar lobule, displayed significant 
hyperconnectivity with the DMN seeds in FEP relative to HC (Table 3, Figure 2). 
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For the SN meta-analysis, clusters displaying hypoconnectivity with SN seeds in FEP relative to HC, 
surviving jack-knife sensitivity analyses, were identified in the middle temporal gyrus bilaterally, left 
planum polare, right middle frontal and left superior frontal gyri, and right cerebellum/culmen. 
Additionally, hyperconnectivity with SN seeds was identified in the occipital, superior and posterior 
transverse temporal, and the superior frontal gyri in FEP relative to HC (Table 3, Figure 2). 
As the number of CEN seed ROIs was limited, we summarized these results qualitatively. Clusters 
displaying hypoconnectivity with the CEN seeds (located in the bilateral DLPFC) in FEP patients 
relative to HC were located in the parietal cortex, posterior cingulate cortex, striatum, and thalamus. 
Instances of hyperconnectivity were also observed between the left DLPFC CEN seed and the mid-
posterior temporal lobe and paralimbic regions (orbito-frontal gyrus and insula), in FEP relative to 
HC. 
3. SENSITIVITY, HETEROGENEITY, AND PUBLICATION BIAS TESTS 
No between-study heterogeneity was observed for the DMN analysis. For the SN analysis, between-
study heterogeneity was present in the bilateral middle temporal and the right middle frontal gyri. 
For the DMN analysis, 1 of the 8 identified peak effects did not survive jack-knife sensitivity analysis. 
For the SN analysis, all 10 identified peaks survived the sensitivity analyses (for all peak effects 
before sensitivity testing, see eTables 1 & 2 in Supplementary Materials). 
Significant publication bias was not observed for either the DMN or the SN analyses (p > 0.05 for all 
significant peak effects, Table 3). 
4. META-REGRESSIONS AND SUBGROUP ANALYSES 
The DMN subgroup analysis of studies that included patients currently being treated with 
antipsychotic medication (medFEP, N=6), compared to HC, revealed between group differences 
comparable to the main analysis (eTable 3). In contrast, the DMN subgroup analysis of studies 
including only antipsychotic naïve patients (nomedFEP, N=4), relative to HC, did not identify any of 
the peaks identified in the main analysis (eTable 4). Results from the direct comparison of medFEP 
and nomedFEP studies supported these findings, revealing hypo- and hyperconnectivity, in the 
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medFEP group, between the DMN seeds and peaks corresponding with all those identified in the main 
DMN analysis (eTable 5, eFigure 1).  Investigation of the differences in duration of illness and age 
between the medFEP and nomedFEP groups (DMN seed analysis) revealed the former to be 
significantly older and to have a numerically longer duration of illness than the latter. After 
controlling for these potentially confounding variables in the direct comparison of the subgroups 
(medFEP v nomedFEP), only the medial orbital gyrus (SDM-Z = -1.4, p = 0.0009), and dorsal 
anterior cingulate gyrus peaks survived (SDM-Z = -1.347, p = 0.0015). Meta-regression of the main 
DMN analysis (FEP v HC) identified a positive correlation between patient age and the hypo- and 
hyperconnectivity for all the significant peaks. In the medFEP v HC contrast, age was positively 
correlated with the FC abnormalities of all the prior significant peaks, excluding the medial orbital 
gyrus and ventral anterior cingulate peaks. In contrast, no significant correlation was observed 
between age and the FC abnormalities of the prior significant peaks in the nomedFEP group. 
The SN subgroup analysis of the medFEP studies (N=6) revealed hypoconnectivity between the SN 
and the right middle frontal, left superior frontal, and left middle temporal gyri, relative to HC, 
overlapping with the same regions identified in the main analysis (eTable 3). The SN subgroup 
analysis of the nomedFEP studies (N=5) revealed hyperconnectivity, relative to HC, between the SN 
and two clusters overlapping with those identified in the main analysis: the right superior temporal 
and superior frontal gyri (eTable 4). For the same nomedFEP analysis, two clusters displaying 
hypoconnectivity with the SN corresponding to those seen in the main analysis were identified in the 
right middle temporal gyrus, and the cerebellum, in the nomedFEP groups (eTable 4). Direct 
comparison of medFEP and nomedFEP studies supported these findings, demonstrating 
hypoconnectivity between the SN and the middle and superior frontal, occipital, and left middle 
temporal gyri in the medFEP group, and hypoconnectivity between the SN and the cerebellum and 
right middle temporal gyrus clusters in the nomedFEP group (eTable 6, eFigure 2). Illness duration 
and age were observed to be greater in the medFEP group than the nomedFEP group (SN seed 
analysis), but not significantly so. Controlling for both potential confounders in the direct comparison 
of the subgroups (medFEP v nomedFEP), only the middle frontal gyrus (SDM-Z = -2.292, p = 
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0.000018), and superior frontal gyrus peaks survived (SDM-Z = -2.197, p = 0.000066). Meta-
regression of the main SN analysis (FEP v HC) identified a negative correlation for patient age and 
the hypoconnectivity between the SN seeds and the bilateral middle temporal gyrus, and planum 
polare clusters. Similar correlations were observed in both the subgroup analyses 
(medFEP/nomedFEP compared to HC), such that younger age was associated with greater 
hypoconnectivity between the SN seeds and the left middle temporal gyrus in the medFEP group, and 
also with the right middle temporal gyrus, and planum polare in the nomedFEP group. 
The DMN meta-regression analyses revealed a significant correlation between higher negative 
symptoms ratings and greater hypoconnectivity, for all the clusters that displayed DMN 
hypoconnectivity in the main analysis, except the ventral anterior cingulate gyrus, i.e. the medial 
orbital, inferior frontal, superior temporal, and dorsal anterior cingulate gyri clusters, and the 
cerebellum cluster (eFigure 1). Positive and negative symptom ratings in FEP were both found to be 
positively associated with the hyperconnectivity between the DMN and the right inferior semi-lunar 
cerebellar lobule, identified in the main analysis in FEP relative to HC (eFigure 1). There were no 
significant associations between general psychopathology and any of the DMN group differences. 
Due to a lack of consistency across the SN studies regarding the symptom rating scales used, 
exploration of the relationship between symptoms and SN connectivity was not feasible. 
 DISCUSSION 
This meta-analysis presents robust evidence of widespread functional dysconnectivity of the default 
mode and salience networks in patients with FEP, compared to HC, implicating aberrant functional 
integration of these networks in the core pathophysiology underlying psychosis, from the early illness 
stages. To our knowledge, this is the first meta-analysis investigating abnormalities in resting-state 
functional connectivity of the DMN, SN, and CEN in first episode psychosis.  
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1. KEY FINDINGS. 
An overall trend towards hypoconnectivity with the rest of the brain was identified for the DMN, 
whilst the SN and CEN displayed more mixed results. Specifically, the DMN primarily displayed 
decreased connectivity with other regions within the DMN, but also with regions in the SN and CEN. 
The SN also displayed reduced connectivity with regions in the DMN and CEN, whilst demonstrating 
additional hyperconnectivity particularly with regions involved in visual and auditory processing. 
Review of the limited CEN data revealed hypo and hyperconnectivity across the DMN, CEN, and SN.  
The most significant finding relating to the DMN was of decreased within-network connectivity in the 
FEP group, relative to healthy controls, the largest cluster of which was located in the medial orbital 
gyrus (MOG). Additionally, the extent of all the DMN abnormalities were positively associated with 
the severity of negative symptoms in the FEP group.  
The MOG is involved in a range of reward processing functions30,31, the learning of associations 
between emotions and salient situations32, and processes requiring the individual to assess the 
perspective of others 33. Impairments in these functions are often linked to the negative symptoms 
observed in psychosis – with aberrant reward processing and maintenance of reward value 
representations in particular being associated with amotivation34. 
The ventral anterior cingulate gyrus (vACG), also within the DMN, contained the second largest 
cluster of DMN hypoconnectivity, and is involved in the modulation of emotional behavior and social 
cognition35,36. Consistent with this finding, Anticevic et al.37 observed a decrease in connectivity 
between the ventral anterior cingulate cortex and the dorsal medial prefrontal cortex in patients with 
chronic schizophrenia, and also in patients with bipolar disorder who had a history of psychosis. The 
same decrease was not observed in patients with bipolar disorder that did not have a history of 
psychosis. This is somewhat consistent with the findings of  Gong et al1,  who reported decreased 
within-network DMN connectivity across three patient groups including FEP patients, patients with 
major depressive disorder (MDD), and patients with post-traumatic stress disorder (PTSD), relative to 
controls. Both MDD and PTSD may also present with psychotic symptoms. However, whether 
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decreased FC within the DMN may specifically link the mechanisms underlying psychotic symptoms 
across disorders remains to be investigated. 
The most significant finding of the SN meta-analysis was that of hypoconnectivity with two large 
DMN clusters, located in the bilateral middle temporal gyri (MTG). The MTG play central roles in 
language and semantic memory processing, and multimodal sensory integration38. In keeping with the 
functionality of both the MTG and the SN; aberrant MTG activity, abnormal SN connectivity, and 
reduced grey matter volumes in both the SN and the MTG have all been associated with severity of 
hallucinations across schizophrenia spectrum disorders38-42. These findings suggest a role for 
abnormal SN – MTG FC underlying the manifestation of hallucinations in psychosis, and the potential 
for distinction between subtypes of psychosis based on the same. Though it was impossible to include 
symptom ratings in the current SN analysis, such an approach should prove useful in future study of 
SN – MTG FC. 
Collectively, the results from both the SN and DMN analyses are consistent with the model proposing 
a pivotal role for the SN in the appropriate switching between DMN and CEN engagement9,10. In 
schizophrenia, abnormal activity of the SN is thought to result in aberrant salience attribution to 
everyday experiences and stimuli, and subsequently, inappropriate switching between attentional, 
higher-order cognitive processes, and internal thought processes11,12,18,43. Results of the present meta-
analysis suggest that this inappropriate switching between the CEN and DMN may be the result of 
reduced SN – DMN connectivity in FEP leading to the aberrant allocation of neural resources and the 
characteristic presentation of psychosis. However, whether this reflects a loss of influence of the SN 
over the switching between task positive and task negative states remains to be tested. This was not 
possible in the present meta-analysis as the studies included herein did not report on the directional 
influence of these neural systems on each other, also described as effective connectivity. 
These findings are also broadly in keeping with studies of patients with chronic schizophrenia, which 
describe widespread hypoconnectivity in comparison to healthy controls3,14,18. However, instances of 
hyperconnectivity appear to be more consistent in chronic illness than in FEP, particularly in relation 
to the FC of the DMN44,45, and frontal regions generally3,46. 
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The identification of widespread hypoconnectivity in FEP patients, relative to controls, is also largely 
in keeping with both Pettersson-Yeo et al.'s review of FC in FEP3, and with seed-based FC studies in 
schizophrenia, overall47-52. However, studies that employed independent component analysis (ICA, 
another commonly used method of connectivity analysis) reported more mixed findings53-56. In line 
with the goals of this paper, seed-based analysis enables the investigation of the FC of a specific 
region with the rest of the whole brain, whilst ICA models data by identifying sets of voxels whose 
activity varies together over time and is maximally distinguishable from other sets57. Though neither 
method is without limitations, in terms of the current goal, the data reduction involved in the initial 
stages of ICA – requiring the researcher to determine a priori the number of components in the data – 
may introduce some methodological bias (eDiscussion in Supplementary Material)58. Nonetheless, 
future meta-analysis of ICA data would prove useful in exploring these differences in outcomes 
further. 
Another finding of interest was the presence of FC abnormalities between both the DMN and SN, and 
language, auditory, and visual regions. Specifically, the DMN displayed hypoconnectivity with 
regions involved in the comprehension, processing, and production of language (inferior frontal 
gyrus)59, and also with the primary auditory cortex (superior temporal gyrus)60,61, whilst the SN 
displayed hypoconnectivity with a sub-region of the primary auditory cortex (planum polare)60, and 
hyperconnectivity with other regions within the primary auditory cortex (right posterior transverse 
temporal gyrus, and superior temporal gyrus)61. The largest cluster to display hyperconnectivity with 
the SN lay within the occipital lobe, another sensory region, containing most of the visual cortex. 
Whether hyperconnectivity between the SN and regions involved in auditory and visual processing 
reflects greater allocation of attentional resources and aberrant attribution of salience, and in turn 
underlies perceptual disturbances typically present in FEP, remains to be investigated. In contrast, 
DMN hypoconnectivity with the regions involved in the comprehension, processing, and production 
of language may underlie deficits in social role function and negative symptoms in psychosis, and 
warrant further investigation. 
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Finally, the CEN data – though limited – illustrated increases and decreases in FC between the CEN 
and both the DMN and the SN for the FEP group. While novel in itself, further studies are required to 
draw any decisive conclusions about CEN connectivity in FEP. 
The most prominent finding from the additional analyses was of the disparity between FC 
abnormalities identified in the antipsychotic-naïve FEP groups, and those identified in the 
antipsychotic-treated FEP groups as well as in the main analyses. When age and length of illness were 
controlled for in the direct comparison of the two groups, the deficits in prefrontal regions were more 
severe in the medFEP group, compared to the nomedFEP group. This was also reflected in both the 
DMN and SN subgroup analyses, where the medFEP or nomedFEP groups were compared to HC, 
when controlling for age. These findings may suggest an effect of antipsychotic medication on the FC 
between the DMN/SN and prefrontal regions that are rich in dopaminergic inputs62, and hence 
susceptible to the dopamine modulating mechanism of action of antipsychotic drugs63. Another 
possibility is that patients in the medFEP groups were more unwell than patients in the nomedFEP 
group, and that after controlling for the effects of age and illness duration, these prefrontal regions 
were the most severely affected by psychosis. It is important to note, however, that for both main 
analyses, the medFEP studies outnumbered the nomedFEP studies. This should be taken into 
consideration when interpreting these findings, particularly considering the disparity between the 
results of the two subgroups in the DMN analysis. Additionally, as these data were cross-sectional, 
they do not address the effects of antipsychotic treatment on FC over time. Previous research supports 
the longitudinal effects of antipsychotic treatment on FC in psychosis, however, the direction and 
localisation of these effects are still unclear16,64-66.  
Collectively, these results suggest that the effect of antipsychotic treatment on FC of DMN/ SN seeds 
with prefrontal regions may have driven some, but not all of the differences in FC between FEP 
patients and HC.  Nonetheless, these results highlight a need for future appropriately designed studies 
to address these issues definitively. Although we were unable to do this here due to lack of available 
data, future meta-analytic endeavours may consider taking into account the potential confounding 
effects of between-study differences in antipsychotic dosage, duration of treatment, duration of 
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untreated illness, and ethnic differences while trying to disentangle abnormalities that are intrinsic to 
the pathophysiology of psychosis from those that may be an effect of antipsychotic exposure.  
2. CONSIDERATIONS FOR FUTURE RESEARCH 
A potential limitation of our investigation is that some of the studies had used multiple seeds within 
the same network and therefore were included more than once within the same meta-analysis. While 
this raises the possibility of dependence amongst some of the entries within a meta-analysis, at present 
there are no established methods for estimating and correcting for this in the context of seed-based 
resting-state FC studies. 
It may also be questioned whether connectivity patterns of individual seeds truly reflect the 
connectivity pattern of the larger network that the seeds may be a part of. It is worth noting that the 
large-scale networks examined here have been defined on the basis of empirical data that has been 
consistently replicated by independent research groups7,67-71, with broad consensus about the regions 
included in each network, corresponding to the seeds used in the current analyses7,8,72. Given that 
brain regions included as part of these large-scale networks have been identified on the basis of 
temporal correlation between the time-series of these regions, it is reasonable to assume that the 
functional connectivity observed for a region which is part of a certain network can be used as a proxy 
for the behaviour of that network as whole. However, in the absence of empirical data we cannot be 
certain that this is the case. 
Additional discussion of the advantages and limitations of this study can be found in the eDiscussion 
in the Supplement. 
3. CONCLUSIONS 
The results of this meta-analysis provide robust evidence of resting-state FC abnormalities in early 
psychosis, specifically implicating the DMN and SN in early psychosis psychopathology.  The 
discovery of functional dysconnectivity of large-scale networks even in early psychosis is consistent 
with the view that this represents a core neural deficit of the illness. The DMN, SN, and CEN were all 
found to display a combination of hyper- and hypoconnectivity, to different degrees, though the most 
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noteworthy disturbances were hypoconnectivity within the DMN, and between the SN and the DMN. 
These findings in particular support a contributory role, previously proposed in schizophrenia, for 
abnormalities of the SN in the DMN dysfunction observed in early psychosis11,12,43. What effect 
antipsychotic treatment has on such abnormalities, however, requires further clarification.  
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Table 1: Demographic and clinical characteristics of the 11 studies included in the meta-analysis 
 
Study 
No. of participants 
(% Female) 
Mean age (SD) 
 
Diagnostic 
Group 
Dx Tool 
Mean 
duration of 
illness in 
months 
(SD) 
% receiving 
antipsychotic 
meds. 
Eyes 
open/ 
closed 
Software Tesla 
HC FEP HC FEP 
Alonso-Solis et 
al. (2012)73 
19 (36) 19 (26) 25.9 (4.7) 24.9 (4.7) FEP SCID 
3.4 (1.9) 
 
84% NR 
AFNI – 
FSL 
3T 
Anticevic et al. 
(2014)74 
96 (55) 28 (57) 28.8 (10.5) 25 (9.7) 
ec-SCZ, 
brief PD, 
SFD 
 SCID 4.27 (3.2)  43% closed FSL 3T 
Duan et al. 
(2015)75 
62 (63) 68 (47) 35.2 (8.1) 36.3 (7.3) FE-SCZ SCID 40 (19) 94% NR SPM8 1.5T 
Fornito et al. 
(2013)76 
26 (63) 19 (26) 26.4 (9.7) 23.2 (4.3) 
FEP – SCZ, 
BD, DD, 
PNOS 
OPCRIT  <1yr  53% closed SPM8 3T 
Guo et al. 
(2015)77 
50 (54) 49 (39) 23.5 (2.5) 22.7 (4.6) FEP SCID 
  
22.5 (6.71) 
antipsychotic 
naïve 
closed 
SPM8, 
DPARSF, 
REST 
3T 
Li et al. (2016)78 16 (56) 20 (70) 22.4 (4.4) 22.9 (8.5) FE-SCZ SCID 6.4 (13.6) 
antipsychotic 
naïve 
closed SPM8 3T 
Lui et al. (2009)29 68 (54) 68 (56) 24.7 (8.8) 24.2 (8.6) FE-SCZ SCID 8.6 (14.3) 
antipsychotic 
naïve 
closed SPM2 3T 
Penner et al. 
(2016)79 
24 (50) 24 (13) 23.8 (4.3) 23.2 (4.2) ec-SCZ  SCID 13.7 (10.9)  96% closed SPM8 3T 
Zhang et al. 
(2015)80 
30 (43) 37 (54) 15.3 (1.6) 15.5 (1.8) FE-SCZ DSM-IV 16 (14.4) 
antipsychotic 
naïve 
closed SPM8 3T 
Zheng et al. 
(2016)81 
30 (57) 35 (43) 15.43 (1.5) 15.5 (1.8) FE-SCZ SCID 6.6 (6.7) 
antipsychotic 
naïve 
NR SPM8 3T 
Zhou et al. 
(2007)82 
17 (29) 17 (29) 25.7 (5.6) 22.9 (6) FE-SCZ DSM-IV  <2yrs 76% closed SPM2 1.5T 
Abbreviations: HC = healthy controls, FEP = first episode psychosis, Dx Tool = diagnostic tool, ec-SCZ = early course schizophrenia, brief PD = brief psychotic disorder, SFD = schizophreniform disorder, SCZ = 
schizophrenia, BD = bipolar disorder, DD = delusional disorder, PNOS = psychotic disorder not otherwise specified, DSM-IV = diagnostic statistical manual, SCID = Structured Clinical Interview for DSM, OPCRIT = 
Operational Criteria Checklist for Psychotic Illness and Affective Illness, NR = Not reported.
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Table 2: Summary of seed networks and anatomical regions of studies included in meta-analysis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Study Seed 
DMN 
(FEP = 406; HC = 383) 
SN 
(FEP = 340; HC = 416) 
CEN 
(FEP = 34; HC = 34) 
Alonso-Solis et al. (2012)73 
 
 
dMPFC X   
PCC X   
TPJ X   
Anticevic et al. (2014)74 amygdala  X  
Duan et al. (2015)75 l. hippocampus X   
 r. hippocampus X   
Fornito et al. (2013)76 dorsal caudate  X  
  sup. ventral caudate  X  
  inf. ventral caudate  X  
Guo et al. (2015)77 l. MPFC X   
  r. dACC  X  
Li et al. (2016)78 r. OFC  X  
Lui et al. (2009)29 r. dACC  X  
  r. MTG X   
Penner et al. (2016)79 l. insula  X  
  r. insula  X  
  MPFC X   
Zhang et al. (2015)80 r. MTG X   
Zheng et al. (2016)81 l. OFC  X  
  r. OFC  X  
  precuneus X   
Zhou et al. (2007)82 l. DLPFC   X 
  r. DLPFC   X 
Total seed ROIs  10 11 2 
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Abbreviations: DMN = default mode network, SN = salience network, CEN = central executive network, dMPFC = dorso-medial prefrontal cortex, PCC = posterior cingulate cortex, TPJ = temporo-parietal junction, 
sup. ventral caudate = superior ventral caudate, inf. ventral caudate = inferior ventral caudate, MPFC = medial prefrontal cortex, dACC = dorsal anterior cingulate cortex, MTG = medial temporal gyrus, PFC thalamus 
= prefrontal thalamus, OFC = orbito-frontal cortex, DLPFC = dorsolateral prefrontal cortex, ROIs = regions of interest. Note that the participant numbers for each network group are higher than the overall sample, as 
the participant sample of one study may be included in a network analysis multiple times, where multiple seed ROIs included in a single network analysis originate from a single original study.  
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Table 3: Results of meta-analysis of resting-state functional connectivity in FEP, after sensitivity analysis. 
Seed network 
& anatomy 
Direction of 
difference in 
FC 
Effect anatomy 
Coordinates (MNI) 
SDM-Z p value 
SDM-
estimate 
No. of 
Voxels 
Jack-knife 
survival 
rate 
Egger test 
p value X Y Z 
D
M
N
: 
d
M
P
F
C
, 
P
C
C
, 
T
P
J,
 
h
ip
p
o
ca
m
p
u
s,
 M
P
F
C
, 
M
T
G
, 
v
. 
p
re
cu
n
eu
s 
FEP > HC inf. semi-lunar cerebellar lobule 36 -68 -48 1.304 0.00033 0.093 1118 10/11 0.394 
 
FEP < HC medial orbital gyrus -12 36 -22 -1.59 0.00048 -0.11 353 10/11 0.841 
 cerebellum -40 -54 -58 -1.303 0.0026 -0.093 145 10/11 0.348 
 (ventral anterior) cingulate gyrus 6 14 -4 -1.526 0.00077 -0.11 131 10/11 0.953 
 inferior frontal gyrus -48 44 -2 -1.303 0.0027 -0.093 99 10/11 0.377 
 superior temporal gyrus -48 16 -16 -1.304 0.0026 -0.093 64 10/11 0.377 
 (dorsal anterior) cingulate gyrus 10 46 8 -1.391 0.0018 -0.099 40 10/11 0.451 
 
S
N
: 
am
y
g
d
al
a,
 D
C
, 
sV
C
, 
iV
C
, 
d
A
C
C
, 
in
su
la
, 
O
F
C
 
 
FEP > HC occipital gyrus -18 -94 28 293 0.0004 1.205 293 10/12 0.448 
 superior temporal gyrus 64 -38 20 128 0.00038 1.205 128 11/12 0.449 
 post. transverse temporal gyrus 54 -30 20 126 0.00068 1.187 126 10/12 0.452 
 superior frontal gyrus 26 0 66 38 0.00054 1.196 38 11/12 0.447 
 
FEP < HC middle temporal gyrus 48 6 -16 -1.92 0.000015 -0.223 1752 12/12 0.304 
 middle temporal gyrus -60 -38 -6 -1.837 0.000034 -0.174 1294 12/12 0.084 
 planum polare -46 6 -8 -1.233 0.0029 -0.095 85 10/12 0.499 
 cerebellum/culmen 4 -58 -22 -1.205 0.0033 -0.093 85 11/12 0.449 
 middle frontal gyrus 26 66 10 -1.402 0.0011 -0.151 82 10/12 0.141 
 superior frontal gyrus -22 52 36 -1.248 0.0027 -0.107 23 10/12 0.167 
Results of comparison between individuals with First Episode Psychosis (FEP) and healthy controls (HC), after jack-knife sensitivity analysis. Results were thresholded at p < 0.005 uncorrected (equivalent to p < 0.05 
corrected), peak threshold of 1, extent threshold of 10. Seed networks included default mode network (DMN), and salience network (SN). Anatomical abbreviations: dorso-medial prefrontal cortex = dMPFC, posterior 
cingulate cortex = PCC, temporo-parietal junction = TPJ, medial prefrontal cortex = MPFC, dorsal anterior cingulate cortex = dACC, medial temporal gyrus = MTG, ventral precuneus = v. precuneus, dorsal caudate = 
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DC, superior ventral caudate = sVC, inferior ventral caudate = iVC, orbitofrontal cortex = OFC. SDM-Z = SDM test statistic. SDM-estimate = effect size created by SDM. Coordinates are MNI standard stereotaxic 
space. Voxels = number of 1 x 1 x 1mm voxels. Jack-knife survival rate refers to number of iterations the peak survived out of the total number of iterations, during the jack-knife sensitivity analyses.
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Figure 1: PRISMA flow-chart depicting the study selection process, and the number of studies either 
included or excluded at each stage. 
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Figure 2: Results of the meta-analysis of (A) DMN to whole brain functional connectivity, and (B) SN to whole brain functional connectivity, in FEP individuals, 
relative to controls. 
 
 
 Figure 2 caption: Brain regions that showed significant differences in functional connectivity with (A) the DMN seed network, and (B) the SN seed network, in individuals with first episode psychosis 
(FEP), relative to healthy controls (HC). Regions that displayed hyperconnectivity with the DMN/SN in FEP individuals are shown in red, while hypoconnectivity is shown in blue. MNI z coordinates are displayed at 
the top of the figure. Peaks appear from left to right in the (A) left cerebellum (p=0.0026); right inferior semi-lunar cerebellar lobule (p=0.00033); medial orbital gyrus (p=0.00048); left superior temporal gyrus 
(p=0.0026); ventral anterior cingulate gyrus (p=0.00077); the inferior frontal gyrus (p=0.0027); and the dorsal anterior cingulate gyrus (p=0.0018); (B) cerebellum/culmen (p=0.0033); right middle temporal gyrus 
(p=0.000015); left planum polare (p=0.0029); left middle temporal gyrus (p=0.000034); middle frontal gyrus (p=0.0011); superior temporal gyrus (p=0.00038) and posterior transverse temporal gyrus (p=0.00068); 
occipital gyrus (p=0.0004); left superior frontal gyrus (p=0.0027); right superior frontal gyrus (p=0.00054). 
